Nicotiana edwardsonii plants were examined by electron microscopy 5 months after inoculation with Sonchus yellow net virus (SYNV). No virions were observed in leaf or root cells, but cells in sections of calyx tissue contained large numbers of virus particles. Most of these particles were only 73 to 86 ~ as tong as particles of standard SYNV. Nicotiana edwardsonii inoculated with sap extracted from chronically infected calyx became systemically infected but exhibited chlorotic mottling, instead of the normal vein-clearing symptoms. Most virus particles in these plants were short, and when purified, sedimented more slowly than standard SYNV. Purified short particles were not infective, but plants inoculated with a mixture of short and standard particles developed mottling symptoms and yielded predominantly short particles. Proteins from short particles were electrophoretically and antigenically identical to those from standard virus. RNA from short particles was 77~ the size of RNA from standard SYNV and hybridized to cloned SYNV cDNA. These short particles have all the characteristics of defective interfering particles.
INTRODUCTION
Repeated passage of many types of animal virus results in attenuation of virulence. This attenuation often follows the generation of defective interfering particles (DIP) (Huang & Baltimore, 1977) . DIP have the same protein components as the standard virus, require the presence of standard virus for replication and interfere with the replication of the standard virus (Huang, 1973) . Defective viruses can be generated naturally during infection and have been implicated in the aetiology of several slow virus diseases of animals and man (Youngner & Preble, 1980) .
The generation of DIP of vesicular stomatitis virus, the type member of the rhabdovirus group, has been well studied (Huang & Baltimore, 1977) . Short particles accumulate following repeated passage of the virus at high multiplicities of infection. Their genomic RNAs differ from those of the parental virus as a result of deletions and rearrangements. These rearrangements involve the termini and sometimes internal regions of the genome (Faulkner & Lazzarini, 1980) . DIP are defective because the genes for one or more of the virus proteins are absent or functionally inactive and they rely, for replication, on complementation by standard particles which must be present as a helper. The presence of DIP interferes with the replication of standard particles, thereby reducing their yield and in addition modulates the cytopathogenicity of the standard particles resulting in persistent rather than cytolytic infections (Johnson & Lazzarini, 1980) . Many defective strains of plant viruses have been reported. These may be generated by point mutations, deletions or, in the case of viruses with multipartite genomes, loss of entire genome segments of the parental virus. The NM form of tobacco rattle virus, which can occur naturally, arises from the complete loss of RNA 2 which contains the coat protein gene (Harrison, 1970) .
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Repeated sap transmission of wound tumour virus results in loss of insect transmissibility, accompanied by loss of genome segments (Black, 1979) . Naturally occurring defective isolates of soil-borne wheat mosaic and tomato spotted wilt viruses both result from deletions of part of a genomic RNA segment (Shirako & Ehara, 1986; Verkleij & Peters, 1983) . However, none of these examples can be considered to fulfil the criteria for DIP since they are all capable of replication in the absence of standard virus, albeit in an altered manner and they do not, with the exception of the defective isolate of tomato spotted wilt virus, interfere with the replication of standard virus.
The plant rhabdoviruses closely resemble the animal rhabdoviruses with which they share many biochemical and morphological properties (Francki & Randles, 1980; Peters, 1981 
METHODS
Maintenance and purification of virus. SYNV was maintained in N. edwardsonii as described previously (Jackson & Christie, 1977; Ismail et al., 1987) . The type strain of the virus, ATCC PV-263 (Christie et al., 1974) (Falk et al., 1986 ), which we have designated SYNV-L85, was a kind gift from Dr B. Falk (University of California, Davis, Ca., U.S.A.). Virus was purified from plants as described by Jackson & Christie (1977) , resuspended in maintenance buffer (0.1 M-Tris-HCI pH 7.5, 10 mM-MgCIz, 1 mM-MnCI2, 0.5~ w/v Na2SO3) , and stored at -196 °C.
Electron microscopy. Tissue sections were prepared, stained and examined in the electron microscope as described by Ismail et al. (1987) .
Polyacrylamide gel electrophoresis of proteins. Electrophoresis was carried out in 12.5 ~ polyacrylamide-SDS gels by the method of Laemmli (1970) . Aliquots (10 ~tl) of purified virus in maintenance buffer were mixed with 2 vol. of 50 mM-Tris-HCl pH8.3, 2~ (w/v) SDS, 30 mM-2-mercaptoethanol, 10~ (v/v) glycerol, 0.1~ (w/v) bromophenol blue, incubated at 100 °C for 2 rain and applied to the gels. Gels were stained with Coomassie Brilliant Blue or Western blotted onto nitrocellulose using the contact-diffusion technique (Bowen et al., 1980; Towbin et al., 1979) . Proteins antigenically related to those of SYNV were detected by the method of Hawkes et al. (1982) . The anti-SYNV antiserum was that described by Ismail et al. (1987) .
Agarose gel electrophoresis of RNA. Purified virus in maintenance buffer was disrupted by adding 0.2 vol. of 10~ (w/v) SDS and the RNA was purified by extraction with phenol-chloroform and recovered by ethanol precipitation. RNA (approx. 0.5 to 1.0 ~tg per lane) was separated by electrophoresis in 1-0~ agaroseformaldehyde gels as described by Gustafson et al. (1982) . The gels were stained in 0.2~ (w/v) toluidine blue in 0.4 M-acetic acid, 0.4 M-sodium acetate and destained in water. Alternatively, the RNA was Northern blotted to a Biodyne nylon membrane (Pall, Portsmouth, U.K.) and hybridized according to Gustafson et al. (1982) . The probe used was a mixture of plasmid DNAs (pSYN302, pSYN402 and pSYN503) containing inserts derived from the mRNAs for proteins N, MI and M2 (Rezaian et al., 1983; Ismail et al., 1987 and our unpublished data) These plasmids wer~ labelled by nick translation with [32P]dCTP to a specific activity of 1.1 × 108 d.p.m./gtg. cytoplasm. The subcellular distribution of virus was similar to that observed in cells from leaves 10 days after infection. However, most of the particles were shorter than the 216 nm expected (Ismail et al., 1987) for standard SYNV (Fig. 1) .
RESULTS
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The size distribution of the short particles was determined by measuring the lengths of 167 particles in several sections of the same tissue. Care was taken to exclude particles which were not uniformly stained or were without two rounded ends, in order to avoid the possibility of measuring oblique sections. Fig. 2 (a) shows the distribution of sizes of particles in calyx from a single plant (we have designated this isolate, DI-1). We have subsequently repeated this experiment and have been able to identify short particles within calyx tissue of a second set of plants. The size distribution of particles from one of these plants (designated isolate DI-2) is also shown (Fig. 2b) . Particles of the parental standard virus in sections of leaf harvested 10 days after inoculation were uniformly 210 to 220 nm long with very few apparently shorter, and a small number of longer, particles (Fig. 2 c) . In contrast only l 5 ~ of the particles from isolate DI-1 were 210 nm or longer; the rest were between 130 and 210 nm, predominantly 160 and 180 nm. Particles from DI-2 were similar but the distribution of sizes differed slightly from DI-1 in detail.
Plants inoculated with SYNV-L85 which had been subjected to only four mechanical transfers since its isolation from the field (B. Falk, personal communication) developed similar, if somewhat more severe, symptoms to plants inoculated with SYNV-type and subsequently recovered. Calyx tissue from each of three separate plants contained particles which were predominantly 130 and 180 nm long. The distribution of sizes of SYNV-L85 particles differed somewhat from that of DI-I or DI-2 particles. SYNV-L85 is undoubtedly an authentic strain of SYNV since its polypeptides reacted identically to those of SYNV-type in Western blots using antiserum to SYNV-type (not shown).
An extract of calyx which contained short particles (isolate DI-1) was used to inoculate N. Gradient (ml) Fig. 3 . Sedimentation of (a) DI-1 and (b) standard SYNV in 5 to 30~ sucrose gradients centrifuged for 20 min at 25 000 r.p.m, in a Sorvall AH629 rotor. Virus particles were extracted from 100 g of leaf tissue 10 days after inoculation. Gradients were analysed at 254 nm using an Isco gradient fractionator and UA5 absorbance monitor.
mottling. These symptoms were quite different from the systemic vein clearing which follows inoculation with normal SYNV. In tissue sections of systemically infected leaves of DI-1-infected plants, cells contained numerous bacilliform particles within the nuclei and perinuclear spaces. The distribution of particle sizes in these leaves was very similar to that in the calyx tissue from which isolate DI-1 was derived (Fig. 2d) . The predominance of short particles is not simply a function of the concentration of the inoculum, because inoculation of standard virus at concentrations resulting in between 3~ and 100~o infection has never given rise to such defective infections. Virus purified from plants infected with isolate DI-1 sedimented in 5 to 30% rate zonal sucrose density gradients as a single broad peak and more slowly than standard virus centrifuged in a parallel gradient (Fig. 3) . The yields of short particles, as estimated by the relative peak areas, were consistently lower than yields of standard virus prepared from similar quantities of infected leaves. The fraction corresponding to the peak was saved, pelleted by centrifugation at 100000g for 30 min and resuspended in 0.5 ml maintenance buffer.
Ten ~tl of purified short particles (equivalent to the yield from 2 g of infected leaves) was diluted in 5 ml of 1% Na2SO3 and used to inoculate N. edwardsonff. No plants developed symptoms although control plants inoculated with a similar quantity of standard virus all became systemically infected. When plants were inoculated with the same quantity of short particles mixed with 10 ktl of purified standard SYNV (the yield from 2 g of leaves and about a threefold excess based on absorbance), three plants of 24 developed symptoms of systemic infection similar to those following inoculation with the calyx extract containing the original DI-1 isolate. An additional 12 plants developed distinct chlorotic local lesions on inoculated leaves but showed no symptoms of systemic infection. Electron microscopy showed that uninoculated leaves from the three systemically infected plants contained large numbers of predominantly short virus particles associated with the nucleus. Neither uninoculated leaves from the plants which developed only local lesions nor symptom-free areas of inoculated leaves from the same plants contained any virus particles.
Proteins purified from short and standard particles were analysed by polyacrylamide gel electrophoresis (Fig. 4) . Short particles contained four major polypeptides which comigrated with the four major authentic SYNV polypeptides. These reacted with anti-SYNV serum in Western blots exactly as did the polypeptides of standard virus. RNA samples were prepared from purified short and standard particles and the sizes analysed by agarose gel electrophoresis. RNA from short particles clearly migrated faster than that from standard virus (Fig. 5) . When the gels were Northern-blotted and hybridized to a mixture of cloned SYNV cDNAs, both the RNAs from standard and short particles hybridized strongly to the probe (Fig. 5) . Assuming that standard SYNV RNA is 13.5 kb (Jackson & Christie, 1977) and using RNAs from tobacco mosaic and brome mosaic viruses as additional molecular weight markers, we estimate the size of RNA from short particles to be 10.5 kb.
DISCUSSION
Short bacilliform particles were found in the calyx of N. edwardsonii plants chronically infected with SYNV. Proteins extracted from these particles appeared to be electrophoretically and antigenically identical to those of the standard virus. The short particles were heterogeneous in length, ranging from 130nm to near full size (210 to 220 nm), although species of approximately 160 nm were the most abundant. They contained a genomic RNA of about 10.5 kb, which shared at least some sequence homology with the standard RNA. Since the RNA hybridized to a probe containing sequences derived from genes located within 5 to 6 kb of the 3' terminus of the standard genome (Heaton et al., 1987) , at least some of these sequences must still be present on the DIP genome. Unexpectedly, the RNA appeared to migrate as a sharp band, although some degree of heterogeneity might have been present but unapparent due to the limited resolving power of the gel for such comparatively large RNAs. Possibly, passage of DI-1, subsequent to measurement of particle lengths but prior to virus preparation, might have resulted in enrichment for one component. Nevertheless, the relative size of the RNA of short particles compared to standard SYNV RNA (77~o) was in close agreement with the relative length of the most abundant species of short particle to that of standard SYNV (73~).
Purified short particles were poorly infective suggesting that they are replication-defective. Inoculation with a crude calyx extract which was derived from chronically infected plants and which contained both short and full length particles, caused a systemic infection with symptoms unlike those of normal infections. When plants were inoculated with a reconstituted mixture of purified short and standard particles fewer plants became systemically infected than became infected by inoculation with a similar concentration of normal virus alone, and the symptoms induced resembled those induced by naturally generated mixtures of particles from calyx samples. Short particles predominated in sections from plants infected with mixed inocula. Thus, the short particles fulfil the criteria of Huang (1973) for authentic DIP, i.e. they are derived from the standard virus and contain the same proteins; they are replication-defective and require standard virus as a helper; their presence modulates the symptoms of standard SYNV infection and they interfere with the replication of the standard virus.
We are aware of only one other report of potentially authentic DIP of a plant virus (Adam et al., 1983) . These authors did not measure the size of the particles of their defective isolate of PYDV, nor did they characterize its RN A. However it is likely that the isolate did represent an authentic DIP since it fulfilled at least some of the criteria of Huang (1973) . The defective isolate of PYDV was derived by multiple passage; in contrast, the defective interfering isolate of SYNV has apparently been generated naturally during chronic infection of individual plants.
Our inoculum of the type isolate has been regularly passaged mechanically and may well have undergone some change, Indeed when compared to the original report of the isolation of SYNV (Christie et al., 1974) , our current inoculum seems to induce symptom expression earlier in N. edwardsonii but plants subsequently appear to undergo a more complete recovery (Ismail et al., 1987) . However, the ability to generate DIP does not appear to be a consequence solely of repeated mechanical transfer since an independent isolate, SYNV-L85, which had been transferred four times only, also generated short particles under similar conditions. Although we cannot detect short particles within plants infected with our standard strains (see Fig. 2c ), we cannot exclude the possibility that they are present at very low levels. It may be significant that two independent plants, chronically infected with SYNV-type, yielded very similar although not necessarily identical sizes of DIP, whereas the DIP derived from SYNV-L85 were apparently different in size distribution. Nevertheless, de novo generated DIP were detected in all plants examined, but only in calyx and only following long periods of infection. Our standard isolates of SYNV still give rise to 'standard' infections 6 to 10 days after inoculation indicating that long-term infection is a prerequisite for the generation, or at least enrichment, of DIP. Thus, the mechanism of generation of DIP must involve a potentially complex interaction between the virus and the host plant.
The generation of DIP may allow animal viruses to potentiate their cytolytic properties and establish persistent infection (Holland et al., 1980) . Although plant viruses are not cytolytic and routinely establish permanent infection of their hosts, partial recovery, as evidenced by sharp reductions in infectivity following the initial infection, occurs during infections by lettuce necrotic yellows virus (Crowley et al., 1965) , broccoli necrotic yellows virus (Lin & Campbell, 1972) , SYNV (Jackson & Christie, 1977; Ismail et al., 1987) and may be a feature of, although not exclusive to, the plant rhabdoviruses (Francki & Randles, 1980) . This recovery phenomenon may in some way parallel persistence by certain animal viruses with the concomitant generation of defective forms of the virus (Youngner & Preble, 1980) . It is interesting to speculate whether the generation of DIP is common to plant virus infections in which the host undergoes a recovery.
